A model of the rate at which pit latrines fill was developed and compared with actual fill rates measured in latrines in Ifakara, Tanzania. Model parameters were derived primarily from data collected during the field study in Tanzania, with one fitted parameter. Although the model did not accurately simulate the fill rate of individual pits, it provided a good simulation of the average fill rate of the pits and aided the identification of pits that were performing poorly. Laboratory experiments conducted on samples of sludge from the pits were used to identify the average hydrolysis constant for biodegradation of the organic material. The average hydrolysis constant (0.046 day
whether particular characteristics and practises could be linked to improved degradation, and a slower pit fill rate.
In a related study in Durban, South Africa, a pit latrine fill rate model was developed and tested against data from local latrines (Brouckaert et al. ) . In this model the degradation of biodegradable material was considered as a single exponential degradation process controlled by a hydrolysis constant. As such, it was assumed that all degradable material degrades anaerobically and in an identical manner. Although this representation greatly simplifies the complex degradation that is taking place in a pit latrine environment, such a simplification is necessary given the current lack of data to quantify both the variation between pits within a community and the heterogeneity of the sludge within each pit. In this paper we adapted this model of pit fill rate developed for latrines in Durban, South Africa (Brouckaert et al. ) and tested the ability of this model to simulate the data collected in south-central Tanzania. A sensitivity analysis of the model parameters was also conducted.
EXPERIMENTAL METHODS

Study area
Latrines located in the town of Ifakara and the villages of Sululu and Signali were selected for this study. The selected communities were situated in the Morogoro region of southern-central Tanzania. Most inhabitants were involved in subsistence agriculture, and diets were predominantly vegetarian. Households were dispersed within the village, with latrines placed outside the compound. Pit latrines were constructed in soil and were two metres deep on average. Tanzania has a tropical climate; typically it experiences a short rainy season from November to December and longer heavier rains from April to May. Average daily temperatures range from 19 to 32 W C.
The fill rate of 50 latrines was monitored every two months over a period of 18 months by measuring the level of the sludge below the ground level using a laser level sensor. Using these measurements the fill rate of each of the pits was inferred using linear regression. The slope of this line provided an estimate of the fill rate of each latrine.
The regression was conducted using the MATLAB algorithm 'robustfit' which performs robust regression using iteratively reweighted least squares with the bisquare weighting function. Robust regression reduces the effect of extreme values on the fitted coefficients. In 15 cases, a line could be fitted through the fill-up data for the whole time period, however, in 13 other cases the fill rate was estimated using a shorter time period (neglecting three data points from either the beginning or end of the measurement period), during which a trend was discernible. This was done because the data at the beginning and end of the measurement period was noisier. The source of this noise was believed to relate to changes in groundwater level which led to seasonal changes in water content, and hence volume of the sludge.
It is possible that net infiltration of free water into or out of the latrine affected the estimated fill rate. However, we assumed that this effect was small in most cases as during wet periods large, temporary increases in level (around 1 m magnitude) were observed, generally with a discernible trendline through the data both prior to and after the large change. Thus, infiltration appeared to affect the fill rate primarily during the transition to and from this higher level and these data were neglected during robust regression.
In 11 pits, the noise in the data led to a standard deviation (for the robust fit) of greater than 0.08 m, in a further three pits two distinct periods were observed with different fill rates (i.e. a change in sign from filling to reducing).
Data from these pits were not included as again it was suspected that groundwater had affected the observed level in the latrines. Eight of the pits were not included because level data was not available for more than half of the monitoring period or because the number of users was not known.
Besides fill-up measurements, each time a level measurement was made, users completed a survey in which they estimated of the number of users of each pit. In an initial survey they also estimated the age of the latrine. In order to quantify faecal weights, a stool survey was conducted among 15 households. The mass, TS and VS of faeces were determined for men and women, and an average stool weight was calculated. At the end of the study, sludge samples were collected from the top and bottom of the pit and analysed for TS and VS. To estimate the hydrolysis constant sludge samples from the top of pits were enclosed in 1 L bottles to which 100 ml of anaerobic water was added. Gas production was monitored and the hydrolysis constant was fitted to this data to describe the rate of degradation of the sample.
NUMERICAL MODEL
The model of Brouckaert et al. () estimates the volume accumulation within a latrine as a sum of the non-biodegradable material plus the remaining fraction of biodegradable material. The biodegradable material remaining in the pit is modelled by assuming that degradation occurs in a single, anaerobic stage and is limited by the rate of hydrolysis. Here, the fraction of VS is used to estimate the degradable material entering the latrine and all initial VS are considered degradable
where V as a result of degradation, in this study the value of k is determined using the average VS remaining at the bottom of the pits. As such, the value of k will also indirectly account for the initial VS that cannot degrade within the pit (e.g. humics). Although it would be possible to represent this fraction explicitly in the mathematical model, it is not possible to separate the initial non-degradable VS and the non- 
where f w (À) is the volume fraction of water that remains bound to sludge and cannot be drained away.
To calculate the fill rate of a latrine, the change in volume must be considered along with the plan area of the pit (A) giving
where t 1 and t 2 (days) are the start and end time, respectively, of the period for which the average fill rate is to be calculated. Thus, the fill rate is simulated by
Unlike the model of Brouckaert et al. () , the model presented in Equation (4) Assuming that the densities of all the components are comparable and remain constant, the profile of VS can be calculated
where t (days) is time. The numerator of this expression quantifies the VS at time t, while the denominator quantifies the remaining TS. The VS profile can then be generated by calculating the VS for a range of time values from zero to the age of the pit and using the following expression to approximate the depth (d ) at each time
MODEL INPUTS AND PARAMETERS
The parameter values used in the model are shown in Table 1 , the plan area, average user number and approximate age of each pit is given in the supplementary data. The fraction k, which represents the non-degradable VS accumulating in the latrine, was estimated such that the VS content within the pit tends towards 9% with increasing depth. This was the average value observed for samples taken from the bottom of the pits.
The plan area of each pit was measured directly. The number of users was calculated from the survey data collected throughout the study. The initial start time (t 1 ) was the user approximated age of each latrine (time since last emptying) with t 2 ¼ t 1 þ 1.
The water content in each layer of the latrines was measured gravimetrically. The average water content of the sludge in a pit in this study was 0.52, with a maximum of 0.78, minimum of 0.21 and a standard deviation of 0.14.
It is probable that the density of the solids in the sludge is larger than that of water, as such this gravimetric water content likely corresponds to a higher volumetric fraction. The fraction of water bound to the sludge was therefore estimated as a fitting parameter and was chosen to minimise the root mean square error (RMSE) of the simulated fill rates (one outlier, labeled (b) in Figure 1 was excluded during the calcluation of RMSE). This fitting process led to a value of f w ¼ 0.857, which is similar to that found in the Durban study ( f w ¼ 0.806), suggesting that the water content in the Tanzanian pits were in the same range as those in the Durban study.
RESULTS AND DISCUSSION
The fill rate was determined for 28 pits and four of these observed fill rates were negative. In all four of these pits the fill rate had been estimated using less than a year of data. Thus it is likely that these variations occurred in part because of seasonal variations in the groundwater, with Figure 1 shows the simulated fill rates of the 24 pits plotted against the observed fill rate. The model estimates the rate at which the pits fill reasonably well, as for half of the latrines the simulated fill rate was within 40% of the observed rate. Such an error could still lead to a large variation in the predicted fill rate of an individual pit but is encouraging given the simplicity of the model and the uncertainty of the parameters due to limited data. In addition, the model provided a good value for the average expected fill rate of a latrine in this region. Nevertheless, the model overestimated the fill rate in one pit (labelled a) and severely underestimated the fill rate for three pits (labelled b and c).
Consequently, the mean percentage error of the simulated values was 79%, largely because of these outliers.
These outliers can be further investigated in order to identify reasons why they may be filling faster or slower than the modelled rate. Notably the two points labelled c in Figure 1 , correspond to the two pits in which the top layer of sludge in the pit was almost entirely water. The third point which is circled corresponds to the pit which had the third wettest top layer in the study. The water contents of the top layers in these three pits were 99, 94 and 90%. The wettest corresponds to simulation with the biggest percentage error, while the driest of these three corresponds to that with the lowest error of the three points.
These results suggest that pits with a watery top layer tend to fill more quickly, possibly because of inadequate drainage, however the seasonal variability of the water should be investigated further. Improved drainage from these pits could reduce the fill rate, however, this should be considered alongside other issues such as groundwater contamination ( As there was no obvious reason why the simulated fill rates for pits a and b were different to the observed values it would also be interesting to investigate these pits further, to try to identify other possible factors (e.g. the microbiological community, use of water by the user) that could account for these differences.
When this model was used previously (Brouckaert et al. ) , the hydrolysis constant identified in the fitting process was an order of magnitude smaller than that found in laboratory tests conducted in this study, on samples from the top layer of sludge. To consider the effect of this difference, the model was also implemented using this smaller value of hydrolysis constant; however, this did not improve the simulated fill rates and the model became sensitive to age of the latrine. Nevertheless, this smaller hydrolysis constant did, in some cases, improve the simulated profile of VS throughout the pit (e.g. Figure 2 (b)) as the observed changes in VS with depth were gradual (Figure 2(d) ). For the majority of the pits (17 out of 24), however, the larger hydrolysis constant provided the better representation of the VS profile (e.g. Figure 2 (a)), as the VS profiles showed almost a step change in the VS content from the top layer to the second layer (Figure 2(c) ).
A Monte Carlo sensitivity study of the model was conducted by randomly sampling 300 parameter sets from the parameter space around the values identified in Table 1 .
The ranges used correspond to the x-axes in Figure 3 .
The average fill rate over a ten-year period was calculated for each of the parameter sets and plotted against the value of each parameter ( Figure 3 ). As discernible trends can only be observed for two parameters, these results suggest that, assuming the volumetric inflow remains constant, the model is primarily sensitive to the fraction of TS of the faeces (Figure 3(b) ) and the water content in the pit (Figure 3(e) ). The model is less sensitive to the fraction of VS in the faeces, the accumulation of nonbiodegradable material and the hydrolysis constant (Figures 3(a)-3(d) ). This suggests that the water content within the pit is important and should be investigated more thoroughly in order to improve our understanding of fill rate. water accumulation in the latrine. Results also suggest that the presence of a layer of water at the top of the pit may increase the fill rate and this merits further investigation. It is also clear that seasonal changes in water flow into and out of the latrines affects the fill rate. These observations all indicate that the flow and accumulation of water in the latrine has an important effect on the fill rate and should be a priority for future research.
The model also provides a good average value for the expected fill rate of a pit latrine in the region around Ifakara, Tanzania as the sum of the residuals of the difference between the observed and simulated fill rate was close to zero. The model can therefore be used as a research tool to identify pits that are filling unexpectedly quickly or slowly. Nevertheless, the model cannot provide an accurate prediction of the fill rate of an individual latrine.
The hydrolysis constant measured in laboratory experiments was an order of magnitude higher than that used in previous work. While this higher value seemed to be appropriate for most of the latrines, for others a lower value seemed to provide a better representation of the degradation rate.
